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BSTZBOLOOOUS AHTXdEKS XV X.XVB CBLX. VACCXK8 BTMTOT 

The field of che invention is genetically 
engineered live bacterial cell vaccina strains. 
5 Statement as to Fed oral lv fiooniinrAj Rflgfinrgh 

The work disclosed herein was supported in part by 
U.S. Public Health service grant AX 27329 and a National 
Research Service Award from the National Institute of 
Allergy and Infectious Diseases. 

10 Background of thw Inventiaii 

V, choleraa is a gram-negative bacteriun that 
causes a severe , dehydrating and occasionally fatal 
diarrhea in humans. There are an estimated 5.5 million 
cases of cholera each year, resulting in greater than 

15 100,000 deaths (Bull. W.H.O. 601303-312, 1990). Over the 
last several decades, cholera has been considered to 
occur primarily in developing countries of Asia and 
Africa, but recently it has reached epidemic proportions 
in regions of South and Central America, as well (Tauxe 

20 et al., j. An. Med. Assn. 267:1380-1390, 1992; Swerdlow 
et al., J. Am. Ned. Assn. 267:1495-1499, 1992). 

Patients who recover from cholera infection have 
long-lasting, perhaps lifelong, immunity to reinfection 
(Levins et el., J. Infect. Die. 143:818-820, 1981). The 

25 development ot V. choleras vaccines has focused on 

reproducing this naturally occurring Immunity, but the 
currently available parenteral, killed whole-cell vaccine 
preparation provides less than 50* protection from 
disease, for a duration of only 3 to 6 months (Saroso et 

30 al., Bull. W.H.O. 56:619-627, 1978; Levine et al., 
Microbiol. Rev. 47:510-550, 1983). A genetically- 
engineered, live oral vaccine for V. choierae has several 
theoretical advantages over the present parenteral killed 
whole-cell vaccine. As a mucosal pathogen, V. choleraa 
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adheres selectively to the M cells of the 
gastrointestinal tract (Owen et al., J. Infect. Dis. 
153:1108-1118, 1986) and is a strong stimulus to the 
common mucosal immune system (Svennerholm et al.. Lancet 
5 1:305-308, 1982); and oral cholera vaccination in humans 
produces a strong salivary gland IgA response to cholera 
toxin B subunit (Czerkinsky et al.. Infect. Immun. 
59:996-1001, 1991). Oral vaccines take advantage of the 
fact that oral administration of antigens appears to be 
) the most efficient stimulus for the development of 
secretory IgA (Svennerholm, supra) , and that secretory 
IgA by itself is sufficient to protect against intestinal 
disease from V. choierae (winner III, et al.. Infect. 
Immun. 59:977-982, 1991). Oral, killed whole cell 
t vaccines with or without the B subunit of cholera toxin 
have undergone extensive testing in volunteer and field 
trials over the past decade, and have been found to be 
more immunogenic and confer longer protection than the 
parenteral killed whole-cell vaccine (Svennerholm et al. , 
• J. Infect. Dis. 149:884-B93, 1984; Black et al.. Infect. 
Imnun. 55:1116-1130, 1987; Clemens et al.. Lancet 1:1375- 
1378, 1988; Clemens et al., J. Infect. Die. 158:60-69, 
1988; Jertborn et al., J. Infect. Dis. 157:374-377, 1988; 
Back et al., i64.*407-ii, 1991). 

Such killed whole-cell vaccines were traditionally 
favored over live whole-cell vaccines because the latter, 
which can multiply in the gut of the vaccinated animal, 
were considered unsafe. However, unlike killed-oell 
vaccines, live-cell vaccines would not require multiple 
doses, and in a rabbit model, live bacteria are more 
effective lmmunogens for secretory IgA than dead 
organisms (Keren et al., J. Immunol. 128:475-479, 1982). 
Live vaccines have the further advantage of potentially 
being transmitted from recipients to others in the 
community, leading to herd Immunity. 
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The nest important virulence factor for V, 
cholera* in causing clinical disease is cholera toxin, a 
protein complex consisting of one A eubunit and 5 B 
submits. Live, oral vaccine strains currently being 
5 tested bear mutations in either the A subunit or in both 
subunits of cholera toxin (Kelcalanos et al. » Nature 
3061551-557, 1983 ;. Harrington et al., J. Exp. Ked. 
168:1487-1492, 1988; Levins et al., Lancet ii: 467-470, 
1988) . An internal deletion of the gene encoding the A 

10 subunit of cholera toxin (ctxA) in the classical strain 
0395 produces a strain (0395-N1) which is highly 
immunogenic in humans, but produces non-specific symptoms 
In about half of the recipients (Kelcalanos, supra; 
Harrington, supra; Kekalanos, U.S. Patent No. 4,882,278, 

15 herein incorporated by reference) , an indication that the 
strain is still virulent. 



fiinrmwyv Qf the invention 
As described in detail below, it has now been 
found that a V. choleras gene, such as the IrgA locus of 

20 V. choleras, can function as a site for the Integration 
and high-level expression of sequences encoding 
heterologous antigens in vaccine strains of V. cbolerae. 
XrgA, the major iron-regulated outer membrane protein of 
V. choleras, is a virulence factor for this organism that 

25 is independent of cholera toxin (Goldberg et al., 
USSH 07/629,102, herein Incorporated by reference; 
Goldberg et al., Infect. Immun. 58:55-60, 1990). In 
vivo-grown V. cbolerae expresses iron-regulated proteins 
that are not seen following growth in normal in vitro 

30 conditions (Sciortlno et al., 42:990-996, 1983), 

suggesting that the organisms sense low- iron conditions 
in the intestine. A mutation in lroJL produces a 100-fold 
defect in the virulence of V. choleras in* a suckling 
mouse model. Regulation of irgA expression by iron is 
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exceptionally tight, with a 1000-fold induction ratio in 
low- compared with high-iron conditions (Goldberg et al.. 
Infect. Immun. 58:55-60, 1990). The entire structural 
gene of irgA has been cloned from the classical V. 
5 cholerae strain 0395 (Goldberg et al., Mol. Microbiol. 
6:2407-2418, 1992). Use of such an Iron-regulated 
promoter to control expression of a heterologous antigen 
in a live vaccine strain has a number of distinct 
advantages. A high induction ratio ensures that the gene 
10 encoding the heterologous antigen (1) will be expressed 
in the low-iron environment of the vaccinae' s gut at a 
level high enough to ensure that it induces an immune 
response, and yet (2) will be expressed minimally when 

the cells are cultured in vitro, where high-level * 
15 expression would potentially provide selection pressure 

favoring inactivation of the gene and complicate large- 
scale culturing of the cells necessary for vaccine 

production. Where, as in the case of irgA, the protein 

encoded by the naturally-occurring gene is, for at least. 
20 some V. choleras strains, a virulence factor that is not 

essential for growth of the bacterium, insertion of the 

heterologous antigen coding sequence next to the promoter ■ 

can be readily accomplished in such a vay as to delete or 

otherwise Inactivate the virulence factor coding 
25 sequence, thereby decreasing the virulence of the 

engineered strain without affecting its viability. 
The invention thus includes a genetically 

engineered V. cholerae chromosome containing a DMA 

sequence encoding a heterologous antigen, the DNA 
30 sequence being functionally linXed to a naturally- 
occurring V, choleras promoter. The heterologous 

antigen, defined as a polypeptide which is not expressed 

by the wild type host species, is preferably a nontoxic 

polypeptide which is part or all of a protein that is 
35 naturally expressed by an infectious organism, and which 
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Induces an antigenic rocponsa In an animal (preferably a 
BULsmal such as a human, non-human primate, cow, horee, 
sheep, goat, pig, dog, cat, rabbit, rat, souse, guinea 
pig, or hamster) . The infectious organise fron which the 
heterologous antigen is derived nay be, for example, a 
bacterium, a virus, or a eukaryotic parasite, and the 
heterologous antigen nay be, e.g., an OSP (Outer Surface 
Protein) of Borella burgcforf eroi ; enimmunogenic, nontoxic 
eubunit or fragment of a bacterial toxin such as Shiga 
toxin, diphtheria toxin , Psmudoaonaa exotoxin X, 
pertussis toxin, tetanus toxin, anthrax toxin, one of the 
B. coll heat-labile toxins (LTs) , one of the Z. coll 
heat-stable toxins (STs) , or one of the B, coll Shlga- 
lixo toxins; an immunogenic portion of a viral caps id 
fron a virus such as human lmmunodef iciency virus (HIV) , 
eny of the Herpes viruses (e.g.. Herpes simplex virus or 
Epntein-Barr virus) , influenza virus, poliomyelitis 
virus, measles virus, sumps virus, or rubella virus; or 
on immunogenic polypeptide derived from a eukaryotic 
parasite, such as the causative agent for malaria, 
Pneumocystis pneumonia, or toxoplasmosis. (One preferred 
example of such a polypeptide is a malarial 
circumsporozoite protein.) By "functionally linked to a 
naturally-occurring v. choleras promoter 11 is meant that 
expression of the sequence encoding the heterologous 
antigen is controlled by a promoter which is found in 
wild -type V. choleras, such as the ctxA promoter, or an 
iron-regulated promoter such as that of trgA. 
Construction of such a functional linkage can be 
accomplished as described in detail below, or generally, 
using standard methods, by locating the desired promoter 
sequence sufficiently near to (and typically, though not 
necessarily, just upstream of) the pramoterless 
heterologous antigen-encoding sequence to 'permit the 
desired promoter sequence to control expression of the 
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latter sequence. Functional siting of promoter sequences 
is well within the abilities of one of ordinary skill in 
the art of prokaryotic gene expression. Where the 
promoter naturally controls the expression of a V. 
S cbolTa» virulence factor that is nonessential for growth 
of the cell, the sequence encoding that virulence factor 
will preferably be deleted or otherwise mutated to 
prevent expression of a biologically active form of that 
virulence factor. Preferably, the ctxA locus on the 
> chromosome will also be deleted or otherwise inactivated, 
so that biologically active cholera toxin cannot be 
expressed from the chromosome. Such deletions, mutations 
and insertions can readily be carried out by one of 
ordinary skill using the methods described herein, or 
i other well-known, standard techniques. In preferred 
embodiments, the ctxA deletion is identical to that of 
strain 0395-N1 (Hakalanos, tJ.fi. Patent Ho. 4,882,278). 

Also within the invention is a bacterial 
chromosome (preferably from a gram-negative, enteric 
bacterium such as V. cholorao) , containing a DMA sequence 
encoding e heterologous antigen, which sequence is 
functionally linked to an iron-regulated promoter which 
functions in the host bacterium to permit significantly 
(i.e., at least ten-fold and preferably 100-fold) higher 
expression of the heterologous antigen in a low- iron 
environment, such as in an animal's intestine, than in a 
high- Iron environment, such as under typical in vitro 
culture conditions. An example of such a promoter is the 
naturally-occurring promoter of V. cholorao lrgA, which 
includes at a minimum a sequence substantially Identical 
to nucleotides 1O0O through 1041 (SEQ ID KO: 2) , 
inclusive, of the sequence shown in Pig. 5 (SEQ ZD 
HO: 1) . The promoter sequence used is preferably 
nucleotides 922 to 1041 (SEQ ZD HO: 3), more preferably 
922 to 1079 (SEQ ID HO: 4) or 1000 to 1079 (SEQ ID 
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KO: 5), still more preferably 905 to 1041 (SBQ ID ko: 6) 
or 905 to 1079 (SEQ ZD KO: 7), and most preferably 90S to 
1438 (SEQ ID HO: 8), 922 to 1438 (SEQ ID HO: 9), or 1000 
to 1438 (SEQ ID KO; 10) (all inclusive). Examples of 

i other iron-regulated promoters which would be useful In 
the invention are those derived from the fatA gene of V. 
anquilXarua (Roster et al. J. Biol. Che*. 266:23829- 
23833, 1991); B. coll mlt-XA (or other E. coll Fur- 
binding promoter sequences , as discussed by Caldervood et 

i al., J. Bacteriol. 169:4759-4764, 1987; De Crandis et 
al., J. Bacteriol. 169:4313-4319, 1987; and DeLorenzo et 
al. t J. aacteriol. 169:2624-2630, 1987); the iron- 
regulated outer membrane proteins of S&lttanella typhi 
(Fernandez et al., Infect. I maun. 57:1271-1275, 1989), 
the iron-regulated hemolysin promoter of Semtla (Poole 
et al., Infect. Immun. 56:2967-2971, 1988); the Yarmmnla 
iron-regulated promoters (Carniel et al.. Molecular 
Microbiol. 6:379-388, 1992; Staggs et al., J. Bacteriol. 
173:417-425, 1991; and Staggs et al.. Molecular 
Microbiol. 6:2507-2516, 1992); the V. vulnificus iron- 
regulated promoters; the PsQUdomonae exotoxin A iron- 
regulated promoter (Bjorn et al.. Infect. Immun. 19:785- 
791, 1978} ; and Flesiomonas iron-regulated genes involved 
in heme- iron uptake (Oaskaleros et al.. Infect. Immun. 
59:2706-2711, 1991). It is believed that most if not all 
enteric, gram-negative bacterial species, including B. 
colt, Salmonella, Shigella, Yareenla, Citrobactor, 
EnterobacZar, Xlabsialla, Morganella, Proteus, 
Proviaencia, Sarratia, Vibrios, Plmslononos, ana 
AerouBonas, utilise highly similar fur-binding, iron- 
regulated promoter sequences, and it is liXely that they 
also utilize secondary iron-regulated promoter sequences 
similar to that of iryA. Such promoter sequences are 
well-known to those of ordinary skill, or'ean be readily 
determined from current information regarding iron- 
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regulated promoters, construction of such promoter 
sequences adjacent to a given heterologous antigen- 
encoding sequence, and insertion of the resulting 
construct into a V. cholerao genome, is readily 
5 accomplished by one of ordinary skill; the ability of 
such a promoter to function as predicted can then be 
tested in low- and high-iron conditions as described 
below, without undue experimentation. 

Also within the invention is a V. cholarae cell, 
10 or a homogeneous population of such cells, which contains 
the genetically engineered chromosome described above. 
Such cells can be said to define a vaccine strain useful, 
when combined with a pharmaceutical^ acceptable diluent 
suitable for oral administration, as a live-cell vaccine. 
15 Administration of such a vaccine to an animal (e.g., a 
human or other mammal) will provoke immunity not only to 
V. choi era o, but also to an antigen derived from a second 
organism; it thus serves as a bivalent vaccine. An 
example of such a vaccine utilises a genetically 
20 engineered V. choleras strain in which the etxA and iroA 
coding sequences are largely deleted and a sequence 
encoding Shiga- like toxin B subunit is functionally 
linked to the IrgA promoter. This strain is described in 
detail below. Of course, the bacterial strain of the 
25 Invention could be engineered to encode several 

heterologous antigens, each linked to an Identical or 
different iron-regulated promoter, to produce a 
multivalent vaccine effective for simultaneously inducing 
immunity against a number of infectious diseases. 

Other features and advantages will be apparent 
from the detailed description provided below, and from 
the claims. 
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Brief pgocrlntlon pf the Prayings 
Fig. l is a schematic diagram illustrating the 
construction of plasnids used in this study. A partial 
restriction sap of 0395 chromosomal DMA is shown with 
5 relevant restriction enryma sites, using base-pair 

numbering as in Goldberg et al., Mol. Microbiol. 6:2407- 
2418, 1992; and Goldberg at al., Proc. Katl. Acad. Eci. 
USA 6611125-1129, 1991. The location of irgA, the 
location of fragments cloned in the construction of 

10 vaccine strains and the locations of fragments used as 
probes in Southern blot analysis are indicated. The 
upstream LrgA fragment Is indicated by a solid bar; the 
downstream IrgJl fragment by a hatched bar; and the sit -IB 
subunit fragment by a stippled bar. Plasmlds and 

15 chromosomal fragments are not drawn to scale. 

Figs. 2A-2B is a set of Southern blots 
illustrating hybridisation of chromosomal DKA from wild- 
type and mutant V. choleras strains, digested with 
Bln&XXT, separated by agarose electrophoresis and probed 

20 as follows: (A) saaX - flincll fragment (region deleted 
in vaccine strains) ; (B) Hindi - Bind I fragment 
(downstream probe) / (C) JTindXII - Smal fragment (upstream 
probe} ; (D) EcoRV - Kindlll fragment from pSBC52 (slt-XB 
subunit probe). Lanes: 1, 0395-Nl; 2, SBC20; 3, B014-1; 

25 4, B024-1/ 5, VAClj 6, VAC2; 7, 0395-Nl. The genomic 
location of the fragments used as probes is indicated in 
Pig. 1. The numbers to the left of the blot indicate the 
sizes (in kbp) of DMA standards. 

Fig. 3 is a photograph of an SDS-PAGE analysis of 

30 the outer membrane proteins expressed by certain V. 

choleras strains when grown in high- or low-iron medium, 
lanes t 1, 0395-Nl grown in high- iron medium; 2 , 0395-Nl 
grown in low- iron medium; 3, SBC20 grown in low- iron 
medium; 4, VAC1 grown in low-Iron medium; 5, VAC2 grown 

35 in low- iron medium; 6, 0395-Nl grown in low- iron medium. 
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The numbers to the left of the gel indicate the molecular 
masses (in JcDa) of the protein standards. 

Fig. 4 is a schematic diagram of the construction 
of the pSBC52 plasm id utilised in these experiments . 
5 pSBC32 (Calderwood et al., Infect. Immun. 58:2977-2982, 
1990) was subjected to PCR using primer Ho. it 
5 * — CCGAATTCTCTAGAGATATCGTGTG^jAATTGTGAGCGGATAA— 3 * (SZQ ID 

NO: li), which introduces restriction sites for JJcoRl, 
Xbal, and £coRV, and primer No. 2: 

10 S'-CCAAGCTTCTGCAGCCCGGGATTTAACATTTATCAATCTCCGCCT-S ' (SEQ 
ID NO: 12), which introduces restriction sites for 
fttndlll, Petl, and Smal. The PCR product was then 
digested with ZcoRI and irindlll, and cloned into 
XcoRX/Jttadlll-digested pUCl9, to produce pSBC52. 

15 Tig- 5 shows the nucleotide sequence of a portion 

of the irgA cDNA (SEQ ID NO: 1) , including the promoter 
sequence. A 19-bp interrupted dyad symmetric element 
homologous to the Fur box of S. coll is indicated by 
inverted horicontal arrows below the sequence. Vertical 

20 lines mark the margins of what is believed to be regions 
important for irgA promoter function. 

Detailed P*scr Intlftn 
In the experiments described below, the non-toxic 
B subunit of Shiga toxin was used as a model heterologous 
25 antigen, because of the easily available assays for this 
protein (Donohue-Rolf e et al., J. Clin. Microbiol. 24:65- 
68, 1986), as well as the possible role that antibodies 
against the B subunit play in protecting against severe 
Shigellosis and hemolytic uremic syndrome. Shiga toxin 
30 is a heterodimerlc protein consisting of one A subunit 
(MW 32 kDa) and five B subunlts {KH 7.7 kDa) (Seidah et 
al., J. Biol. Cham. 261:13928-13931, 1986); the B subunit 
of Shiga toxin is Identical in amino acid sequence to the 
B subunit of Shiga-lixe toxin I produced by 
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•nt«roh«norrhagic strains of Z. coll (Caldarwood et al. , 
Proc. Hatl. Acad. Sci. USX 84:4364-4368, 1987). This 
identical protein product Is referred to as StxB 
throughout this study. Immune response to Shiga toxin is 
5 primarily directed against the 8 subunit, and antibodies 
directed against this subunit, or against synthetia 
peptides from regions of the subunit, provide protective 
immunity against holotoxin (Donohue-Rolf e et al. j. Exp. 
Med. 160:1767-1781, 1984; Hararl et al. Infect. laonun. 
10 56:1618-1624, 1988; Harari et al.. Hoi. Immunol. 27:6X3- 
621, 1990/ Boyd et al.. Infect. Immun. 59:730-757, 1991). 

Described below are the insertion of a 
promoterles* gene for the Shiga-like toxin I B subunit 
{fiit -IB) into an iryA deletion, and the introduction of 
15 this construct into the chroraosoxe of the V. choleraa 
ctxA deletion strain 0395-Ml, thus producing a live, 
attenuated vaccine strain of v. cholera* that contains 
StxB under the transcriptional control of the iron- 
regulated IrgA promoter. 

20 MATERIALS ASD HSTBOOS 

Bacterial strains and plasmlds. 

The bacterial strains and plasmlds used in this 
study are described in Table 1, with the exception of 
plaomlda pMBC126, pSABIB, pSABi2, pSAB19, pSAB14, and 

25 p SAB 2 4 , which are described in detail below and are 
depicted in Pig. l; and plasmid pSBC52, which is 
described in the description of rig. 4 provided above. 
Standard plasmid cloning vectors pUClS, pUC!9, and pBR322 
sre commercially available (e.g., Pharmacia). 

30 Media. 

All strains were maintained at -70 *C in Lurla 
broth (LB) media (Sambrook et al., A Laboratory Manual, 
2nd ed. Cold Spring Harbor Laboratory Press 1 , Cold Spring 
Harbor, HY, 1989), containing 15% glycerol. LB media. 
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with or without the addition of the iron chelator 2,2- 
dlpyridyl (final concentration, 0.2 mM) , was used for 
growth in low- and high- iron conditions, respectively. 
Ample ill in (ioo » kanamycin (45 w/ml) , end 

5 streptomycin (100 /tg/al) were added as appropriate. 
Genetic aetbods. 

Isolation of plasmid and bacterial chromosomal 
DMA, restriction enzyme digests, agarose gel 
electrophoresis, and Southern hybridization or DMA 
10 separated by electrophoresis were performed according to 
standard molecular biologic techniques (Sambrook, supra) . 
CeneScreen Plus hybridization transfer membranes (DuPont 
Biotechnology Systems, NEN Research Products, Boston, HA) 
were used according to the manufacturer's protocols for 
15 Southern hybridization. DMA sequencing was performed 
using the Sequenase DNA Sequencing Kit (United States 
Biochemical Corporation, Cleveland, OH). 

PI a an ids were transformed into E. coll strains by 
standard techniques, or were electroplated into v. 
20 cholera* using a Gene Pulser (Bio-Rad Laboratories, 

Richmond, CA), following the manufacturer's protocol, and 
modified for electreporation into V. choleras as 
previously described (Goldberg et al., Proc. Hatl. Acad. 
Sci. USA 88:1125-1129, 1991). Electreporation conditions 
25 ware 2,500 V at 25-mF capacitance, producing time 
constants of 4.7-4.9 ms. 

DMA restriction endonuc leases, T 4 DMA llgase, calf 
intestinal alkaline phosphatase, and the Klenow fragment 
of DMA polymerase I were used according to the 
30 manufacturers' specifications. Restriction enzyme- 
digested chromosomal and plasmid DMA fragments were 
separated on 1% agarose gels; required fragments were cut 
from the gel under ultraviolet illumination and purified 
by electroelution (Sambrook et al, 1989, supra). DMA 
35 fragments used as probes were radiolabeled with o- J2 P-dCTP 
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using a randan pricing labeling kit (Prima Time *c» 
Oligonucleotide Labeling Blosystem, International 
Biotechnologies, inc., Hew Baven, CT) . 
Construction of plasmids. 
5 DHA was reeovared upstream and at the 5* terminus 

of IrgA as a fflndlll-smal fragment froa pMBG59, which 
contains the irgA promoter (LrgP) {Goldberg et al. , J. 
Bacteriol. 172:6863-6870, 1990) (Pig. 1). This fragment 
was cloned into the flindlll and Sphl sites of pUC16 to 
10 yield plasmid pKSC126; the Sphl site of pocia had first 
been made blunt-ended by treatment with sung bean 
nuclease, dka sequence analysis of pKBG126 revealed that 
the Sphl site was unexpectedly preserved at the junction 
with Saalj the sequence was otherwise as predicted. DKA 
15 was then recovered at the 3' terminus and downstream of 
irg* as a 1.5 kilobase-pair (kbp) Sincll fragment from 
plasmid psAB25. Sael linkers wore added to this fragment 
end it was ligated into the unique Sad site of pHBGl26, 
in the same orientation as the upstream JLryA fragment, to 
20 yield plasmid pfiABie. The internal Sail site in the pDC 
poly linker of pSABIS was removed by digesting with Sail, 
treating with the Klenow fragment of DHA polymerase I, 
and religatlng the blunt ends, to create pSAB12. A DKA 
segment encoding the promoterless B subunit of Shiga-like 
25 toxin I (slt-XB) was recovered as an ScoRV-Sraal fragment 
from plasmid pSBC52. This fragment was introduced Into 
the unique £coRV and SaaX sites of pSABia, such that sit- 
IB was under the transcriptional control of ±ryp on the 
upstream Irg* fragment, yielding plasmid pSABl9. The 
30 construction of plasmids pHBC126, pSABIB, pSAB12, and 
PSAB19 was verified toy restriction enzyme digestion and 
double-stranded DHA sequencing. 

The desired fragments were then introduced into 
the suicide vector pCVD442 as follows. pSAB12 and pSAB19 
35 were digested with Hindlll and BeoRI and the DHA fragment 
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containing either the lryA deletion (from pSABl2) or the 
irgA deletion-sIt-IB-substitution (from pSABl9) were made 
blunt-ended by the Klenow fragment of DHA polymerase I. 
Following ligation to Sail linkers, the fragments were 
5 ligated into the unique Sail site of pcVD442, yielding 
plasmids pSAB14 and p SAB 2 4 respectively, and propagated 
in the permissive strain SttlO 1 plr. Plasmid pcVD44 2 is 
a recently described suicide vector containing the plr~ 
dependent R6K replicon, ampicillin resistance, and the 
10 sacs gene from Bacillus subtil is {Donnenberg et al.. 
Infect. Zmmun. 59t4310-43l7, 1991). 
Construction of VXC1 sod VAC2 

V. choleras strain SBC20 is an iroA: -.TnphoA 
derivative of 039S-H1 (Pearson et al.. Res. Microbiol. 
15 141:893-899, 1990). The kanamycln resistance marker in 
Tnsho* allowed screening of mutants for deletion of irgA 
(and hence TnphoA) by assessing susceptibility to 
kanamycln. The ArgA allele of SBC20 was replaced with 
either the previously constructed lryA deletion, or the 
20 irg* deletion containing slt-IB, as follows. Plasmids 
PSAB14 and pSAB24 were electroporoted into SBC20, with 
selection for ampicillin and streptomycin resistance. 
Doubly-resistant colonies contained the respective 
plasmids integrated into the chromosome by homologous 
25 recombination involving either the upstream or downstream 
fragments of irgA on p6AB14 or pSAB24, with creation of a 
merodiploid state. One such colony from the integration 
of pSAB14 into the chromosome of SBC20 was selected and 
named B014-1; one from the integration of pSAB24 into the 
30 chromosome of SBC20 was named B024-1. B014-1 and B024-1 
were grown overnight in IB media without ampicillin 
selection, then plated on LB media with 10% sucrose but 
without HaCl, and grown at 30»C for 30 hours, thereby 
selecting for clones that had deleted the integrated bocB 
35 gene (Blomfleld et al.. Hoi. Microbiol. 5: 1447-1457, 
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1991). Sucrose-resistant colonies that are ampicillln 
susceptible but kanamycin resistant have re-excised the 
plasmid (yielding the parent SBC20, which contains the 
kanamycin resistance marker in TnphoA) j those that are 
5 both anpicillin and kanamycin susceptible have resolved 
the nerodiploid state to replace the JjrgA locus in SBC20 
with either the irgA deletion from pSAB14 or the IrgA 
deletion-slt-XB fragment from pSAB24. Approximately 10% 
of sucrose-resistant colonies that were amplclllin- 

10 susceptible were also kanamycin-susceptible. One of ■ 
these colonies which had replaced the IroA: :TnphoA locus 
with the IrgA deletion was further purified and named 
VACl; one which had replaced the irgA: zTnphoA locus with 
-try A: ilrgP-sl t-IB was named VAC2 . Confirmation of the 

15 proper constructions in VACl and VAC2 was obtained by 
southern hybridization of restriction enxyme-dlgested 
chromosomal DNA that was probed with several different 
DKA fragments to verify the expected deletion in irgA, as 
well as the introduction of the *lt-IB within the deleted 

20 irgA segment. 

Preparation of outer-membrane proteins, whole cell 
proteins, end perlplasmlo extract*. 

Enriched outer membrane proteins vara prepared 
from strains following growth in low- and high-iron media 

25 as previously described (Goldberg, Infect. Immun. 58:55- 
60, 1990) . Protein* were separated by electrophoresis on 
a sodium dodecyl sulfate/10% polyacrylamide (SDS-FAGE) 
gel and visualized by staining with Coomassie brilliant 
blue. Whole cell proteins and periplasmic extracts were * 

30 prepared from exponentially growing cells as previously ) 
described (Bovde et el., Proc. Natl. Acad. Sci. USA 
85:2568-2572, 1988). 
immunodetection of StxB production. 

Whole cell proteins and periplasmic extracts were 

35 separated on a SOS-15% PAGE gel as described above, then 
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transferred to a NitroBind Transfer Membrane (Micron 
Separations Inc., Westboro, MA) with a semidry blotting 
apparatus (Hoofer Scientific Instruments, San Francisco, 
CA) . Immunoreactive proteins were visualized after 
5 sequential incubation with polyclonal rabbit anti-Shiga 
. toxin antiserum and goat anti-rabbit IgC-conjugnted 

alkaline phosphatase (Sigma Chemical Co., St. Louis, K0) , 
followed by staining for phosphatase activity as 
described previously (Hovde, supra). The amount of StxB 
10 present in periplasmic extracts or culture supernatant* 
was quantitated with an enzyme-linked immunosorbent assay 
(ELISA) developed for the detection of Shiga toxin and 
modified for detection of purified StxB (Donohue-Rolfe et 
el., J. din. Microbiol. 24:65-66, 1986; Calderwood et 
15 al.. Infect. Immun. 58:2977-2982, 1990). 
BeLe eell cytotoxicity. 

The cytotoxicity of periplasmic extracts or 
culture supernatants for BeLa cells was assayed in a 
quantitative cytotoxicity assay by determining the extent 
20 of BeLe cell detachment from microti tax plates (Gentry et 
al., j. din. Microbiol. 12:361-366, 1980). BaLa cells 
were grown at 37*C in e 5% CO a atmosphere in McCoy 5a 
(modified) medium containing 10% fetal calf serum and 100 
Mg of penicillin and streptomycin per ml. Freshly 
25 trypsinired cells were suspended in 0.1 ml of growth 
medium and allowed to attach to the wells of miexotiter 
plates overnight. Serial dilutions of samples were added 
and the plates were again incubated overnight. The cells 
were fixed and then stained with crystal violet in a 5% 
30 ethanol - 2% formaldehyde solution. Stained cell 

monolayers were dissolved In ethanol and the*A„ s read 
with a sicrotlter plate colorimeter. 
Evaluation of virulaaoe of vaccine strains. 

50* lethal dose (LD S0 ) assays were performed by 
35 oral inoculation of 3- to 4-day old CDl suckling mice 
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with either the parent V. cholarao strain 0395, an ijroA 
mutant strain KBC40 (Goldberg et Infect. Xmmun. 

58:55-60, 1990), the ctxA mutant strain 0395-Hl, or VAC2. 
Cholera strains vera grown overnight In LB medium at 
5 30*C, pelleted, and resuspendad in 0.5M HaBCO, (pH 8.5). 
Mice were orally inoculated with serial dilutions of 
organisms, then Kept at 30"C. Four or more mice were 
used per doss of bacteria. Survivial was determined at 
40 h (Taylor et al.. Free. Natl. Acad. Sci. DSA 84:2833- 
10 2837, 1987). 
RESULTS 

Confirmation of vaccine strain construction. 

(i) Southern hybridisation analvaln. To confirm 
the construction of the vaccine strains, chromosomal OHA 

IS was purified from 7. choleras parent strains 03 95-Hl and 
SBC20, the merodiploid strains B014-1 and B024-1, and the 
vaccina strains VAC1 and VAC2. The chromosomal DMAs vera 
digested with ffladXXX, separated on agarose gels, and 
transferred to membranes for Southern hybridisations. 

20 The Southern hybridizations of these digests, probed with 
four different fragment probes, are shown in Pig. 2. The 
location of the fragment probes within the lrgA gene is 
shown in Pig. 1. The presence and size of the recognized 
fragments is consistent with the constructions depicted 

25 in Pig. l, confirming the deletion of IrgA in VAC1 and 
the deletion-replacement of the ixyA locus with 
-try A: ilryp-sl tIB in VAC2. 

li. outer membrane p rotein annlvni*. Outer 
) membrane proteins wore prepared from strain 0395-Nl grown 

30 in low- and high-iron media and from strains SBC20, VACl 
and VAC2 following growth in low- iron media, then 
separated by electrophoresis on a SD5-PAGE gel (Pig. 3). 
XrgA, the 77 kilodalton (kDa) major iron-regulated outer 
membrane protein (Goldberg et al.. Infect! Immun. 58:55- 

35 60, 1990), is present in 0395-Hl grown in low iron but is 



- 18 - 

absent in 5BC20 (an inpA mutant) and the vaccine strains, 
confirming the deletion of ire A in VACl and VAC2. 
Iron-regulated expression of the Shiga toxin B subunit in 

VXC2. 

5 (i) Western blot analysis of StxB production in 

3Eo££. Western blot analysis of whole cell proteins and 
perlplasmic extracts of VAC2 grown in high- and low- iron 
media demonstrated the production of a 7.7 kOa protein 
recognised by polyclonal rabbit anti-Shiga toxin 
10 antiserum in both whole cell proteins and per ip lassie 
extracts prepared from VAC2 grown in low-iron media; no 
such protein was recognized in proteins prepared from the 
vaccine strain grown in high- iron media, demonstrating 
that the production of StxB is tightly iron-regulated 
15 (data not shown) . 

(ii) Quantitation of StxB product ion from troP- 
slt-IB in nlamald psabiq una T o verify iron- 

regulated production of StxB by IrgP-elt-TB in plasaid 
P&AB19, and compare it with StxB production by VAC2, we 
20 first had to return pSAB19 to the v. choleras background 
because IrgP is not active in E. coll (Goldberg et al. , 
Proc. Katl. Acad. Sci. DSA 88:1125-1129, 1991). The 
production of StxB by strains 0395-Hl (pSAB19) and VAC2 
was guantitated using a sandwich EXISA, with a monoclonal 
25 antibody specific for StxB as the capture molecule. 
Purified StxB, in measured amounts, was used as the 
standard. As shown in Table 2, both 0395-Hl (pSABl9) and 
VAC2 express StxB in a tightly iron-regulated fashion, as 
expected, and produce five times the amount of B subunit 
30 made by the reference strain, Shigolla dysenteries 60R, 
under low- iron conditions, 
virulence of vaocine strains. 

(1) Cytotoxicity to HeLa eel la . The cytotoxicity 
of perlplasmic extracts or culture supernatants of 
35 strains 0395-Hl (pSABl9) and VAC2 , grown in low-iron 
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media, was assayed as described (Gentry ot ol., J. Clin. 
Microbiol. 12*961-366, 1980), and compared to the S. 
dysenteries strain 60R. Neither 0395-Nl(pSABL9) or VACS 
had detectable cytotoxicity in periplastic extracts or 
5 supernatant*, in contrast to periplastic extracts of S. 
dyeojiterlao 6 OR, which were cytotoxic to at least a 10* - 
fold dilution (data not shewn). 

(*i) U a o asgqY ff- The results of U> so assays for 
the wild-type V. choleras strain 0395, crxA mutant strain 

10 03 95 -HI, IrgA mutant strain KBG40, and vaccine strain 
VACS in the suckling souse model are shown in Table 3. 
V. choleras strain MBC40, an XryA : : TnphoA mutant of 
strain 0395, had an LD S0 in sucXling alee that was 2 
orders of magnitude higher than that for the parental 

15 strain 0395, as previously demonstrated (Goldberg et al.. 
Infect. Xmaun. 58:55-60, 1990). Strain 0395-N1, deleted 
for the A subunit of cholera toxin, was a virulent at an 
Inoculum of 2 x 10 9 organisms in this model. The vaccine 
strain VAC2 , despite expressing StxB at high level, 

20 remains avlrulent in this model at an inoculum of 2 x 10* 
organisms, similar to its parent strain 0395-Kl. 

USE 

The V. choleras strains of the Invention are 
useful as bivalent vaccines capable of inducing immunity 

25 to V. cholarae and to an antigen derived from a second 
infectious organism. Because the strains are attenuated 
(i.e., do not induce a significant toxic reaction in the 
vaccinae) , they can be used as live-cell vaccines, 
permitting effective Immunity to result from 

30 administration of a single dose of the vaccine. An 
effective oral dose of the vaccine would contain 
approximately 10* to 10 s bacteria in a volume of 
approximately 150 ml liquid. The diluent used would 
typically be water or an aqueous solution, such as 
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2 grams of sodium bicarbonate dissolved in 150 ml 
distilled water, which may be Ingested by the vaccines at 
one sitting, either all at once or over any convenient 
period of time. 

Other embodiments are within the claims set forth 
below. For example, the host bacterium (the bacterium 
the chromosome of which is engineered to encode a 
heterologous antigen) can be S. coll or any other enteric 
10 bacterium, including Salmonella, Shigella, Yersinia, 
Cltrobacter, Snterobacter, Klebsiella, Morganalla, 
Proteus, Provldencla, Serratie, Plealowtonaa, and 
Aeroaonas, all of which are known or believed to have 
Iron-regulated promoters similar to the Fur-binding 
15 promoters of E. coll, and which may have other iron- 
regulated promoters analogous to that of IrgA. Also 
potentially useful would be a bacille Calratte-Guerin 
(BCC) vaccine strain engineered to encode a heterologous 
antigen linked to an iron-regulated promoter. The 
20 promoter used can be native to the species of the host 
bacterium, or can be a heterologous promoter (i.e., from 
a species other than that of the host bacterium) 
engineered into the host bacterium along with the 
heterologous antigen coding sequence, using standard 
25 genetic engineering techniques. Multiple heterologous 
antigen coding sequences linked to the same or different 
iron-regulated promoter sequences can be inserted into a 
given ehramosone, using techniques analogous to those set 
forth above, to produce a multivalent vaccine strain. 
30 Those who practice in the field of prokaryotic 

gene expression will realize that, while naturally- 
occurring promoter sequences are preferred, synthetic 
sequences such as a consensus Fur-binding sequence or a 
hybrid of two or more Fur-binding sequences would also be 
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expected to be useful in the chromosones of the 
Invention. Alteration, addition or deletion of one or a 
few nucleotides within a naturally-occurring pronoter 
sequence such as the IrgA promoter would generally not 
5 affect its usefulness. The invention therefore 
encoarpassas iron regulated promoters having such 
inconsequential changes. 
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Tabls 1. Ssctarlal strain* and plftMi.dc and la tbls study 

Strain or plaamld ttalavant ganotyps or pbsnotypa 9m t . or 

5 V. cAoJmm strains 

0395 amf 
039S-W1 039$ CZmA. MoT 

8BC30 0393-M IryAi iTnnfaoA, Saf r Xa r 

KBO40 0395 i-ryAi «TnpAoA, 8m r t Xm r 

10 B014-1 6SC30 with pSAS14 Intagratad into 

IrpA. Bxf, KnT, Ap r 
M34-1 SSC20 wltjj pSAB34 lntagrstad Into 

lryA, S» r , Xa r , Ap' 
VAC1 039S-M1 aItoA, *» r 

15 VAC2 039S-H1 ilrgAttirgr-Blt-la, Om* 

M. coll strains 

8X10 X plr UU thr Ira ConA ItcT sup* 

r»cAnW4-J-Tci xKu X plrftSX, Xsi r 

n»Mid* 

20 PKBOS9 pBR322 with 4.7-kbp Of V. eholsrss 

XBO40 ehroBoioM, containing DMA 
upstrsaa and at tha 5* tantont 
of i-ryA, as wall as tha 
XrsAtiTnpAoA fusion Joint fra» 

25 this strain. 

pSABM 3.0 kbp SsmZ - JTiuI frsgaant of 

V. choj aras 0393 chraa»M, containing 
OKA at tha I'tamlaas and downstraan 
of IrpA. aada bluat-andad at tfaa Mini 

30 sits and llgatad Into SMl-dlgastsd 

pOC19. 

pSBCSJ pOC19 with a proaotarlsas oana for tha < 

B subunlt of SXT-X (ldantleal to StxB) 
clonad totwMo tba KeoStX and SindZZZ 
35 sltas. 

PCVD443 Sulclds voctor coopossd of tba sob, 

oxl, and Ma rag ions from pCF704 and ths 
ascJ qmm of ftaellJoa •ubtXIla. 

40 Apr, aapicLllln resistance/ Kr/ , kanaaycln raslstaneai maf, 
•traptonycln resistance. 
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Stmt, or mutmi 

.1. Makalanqa «t ml., lUtara 306t5Sl-SS7, 1983. 
2. Paarson t, ml., **•. Kleroblol. 141t89>-S»9, 19*0. 
J. Oeldbary ml., Xafoct. lonu. 5BiS5~«0, 1*90. 
5 4. This study. 

5- Killar «t al., j. Baetariol. 170(2573-2563, 1988. 

6. GolObero at al., J. aetarlol. 172 168*3-6870, 1990. 

7. Donnanbarg and Xapar, Xnfact. lemon. S9t4310-4317, 1991. 
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Xablo 2. Production of Btxiga toxin • cobanlt trj variooa strain* 
following growth in hlgb- sad-low Iron condition* 



•train 

iron 


Poriplaamic 

High-iron ] 


•Ktract" 

Low- iron 


Hiah-in 


tant" 
an Low- 


039SHT1 


—ft 








0395-M <p5AB19) 


1S.S 


3,620 


0.16 


3.5 


VXC2 


■ 0.87 


4,130 




0.73 


8 .4f*mntmr±mm 60H 


238 


674 


0.8 


14.4 



* ng/ SO ODfgQ of original culturo 
b < 0.1 ng 
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labia 1. Virulanca aaaa^a of wlld-tjpo and «Bt*at atTaina 
of VUir±o eboJtaxa* Lo ■ockllog Bleo 



(no. of b*ct»rL«) 



0395 
MBC-40 
0395-H1 
VXC2 



1 H 10* 

1 x lO 7 

> a x io* 

> J « »' 
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ATCCATOATA AAAAATCCOO CTOOOOOOOO ATTTTTTATT 


QCGACTCATC 


OOOCCTTOCT 


60 


TCCOCCAGCO CATCAATAAA T 


AOCCeCACC CCAACTOOOT 




^OQATftflAAO 




CAOTTOATTT CTOTTOOCTO T 


OATTOCCAT CCCTTCACCC 


AACGAATCAO 


CCTOCCCCCA 


ISO 


TCCCCCCTTT CAAAACCATT O 


OCAAACCAA CTCCCAAOCA 


AACCAATACC 




240 


GCAATCCCAT CCGCTTCCAT CCCAAQATTA TUUC1TTCTA 


AACCACTCTC 


TACTCCTCOC 


300 


AOTOAATAAC TOCCOAACTC T 


OOATOOTOC AQTTCAAOCT 


CCOCOCOCCO 


ACAAOCAATA 


360 


AAATCAATCC ATCOOTOATO A 


ATCACCTCA COACCATOOO 


TCCCTTTATC 


TCOATOGCCC 


420 


AAATATTTOO GAOACOCGTA Ai 


BTOOCATAO CCCCAATACC 


CTAACCCTTC 


TTTCOOATAA 


460 


CCCATCGCCC OSCCCTCTTC AATCCAAATC ATCAAATCCO 


OCTCAAACAC 






TBTTCAAACT CCCTCACTAO Al 
AATACTTCCC TCACCCACCC G* 


00CATCTTC AATOTCGAAT 


C CTC CTC CAT 


AAACTCATCC 






CCACT'A'rill JT 






CTCACTTOAT TCTTCAATTC TTCCAACCCT TCCTCACTTT 


TATTCCCCAO 


TTCAACTAST 


720 




OCGTTAAiOOO 








TGAAGTTCG9 


CCAAACCOCO 


ACTCACOOTO 


S40 


OATTTACOCT OTTCAAOOOC T 


fTOOCAOCO CCAQTCAOOC 


TCTTA*** * iv 






TCCAAAGCTT tTAOOCCCCT CAOATCTTCC ATACCTATTT 


CACCCTTAAA 


OAATAATTAC 


960 


CACAOACOTT CCATATTTOO Al 


SCCAACTAT TCCATCTOTC 


CATCTATCTC 






TATATGAATA ATCCCCTTCT OAAATTAAOA ATAATTATCA 


TTTAAACOAO 




1076 


ATO TCC AOA TTC AAT OCA 
Kat sar Are *»• A*» I*o 
1 S 


TCC CCC OTC AOT TTA 
Bar Pro Val Bar L*u 
10 


TCT OTO AGA 
Bar Val Thr 


Lam Oly 
IS 


1124 


TTA ATO TTt TOO CCT ACC 
LM Mat Pba S*r Al* Bar 
20 


CCT TTT CCT CAA CAC 
Ala Pb* Ala Ola Aap 
25 


CCO AOC AAA 
Ala Thr Lya 

30 


Thr Aap 




GAA ACC ATO OTO CTC ACT 
Glu Thr Hat V»l VaI Thr 
35 


CCS CCO COA TAC OOO 
Ala Ala Oly Tyr Ala 
40 


CAA CTC ATT 
Clo Val xl* 
«S 


CAA AAT 
Gin Aan 


1220 


OCA CCA CCC AST ATC AOT 
Al* Pro Ala Sar XI* tai 
SO 


OTO ATT TCA AOA OAA 
Val XI* Bar Acq Glu 
58 


OAT CTO OAA 
Aap L«u Olu 
60 


S*r Arg 


126B 
; 1316 


TAT TAC CCT CAT OTO ACC 
Tyr Tyr Keg Aap Val Thr 
<S 70 


OAT CCO CTA AAA ACC 
Aap Ala Lav Lya Sar 
75 


CTA CCC OCT 
Val Pro Oly 


Val Thr 
SO 


OTC ACC OOA OOO OCC CAT 
Val Thr Oly aly oly Aap 


ACT ACC CAT ATC AOC 
Thr Thr Aap XI* Sar 
90 


ATT CCT CCT 
XI* Arg Gly 


ATO CCA 
Ma* Oly 
95 


1964 


TCA AAC TAT ACT CTT ATC 
sar Asa Tyr Thr L*u XI* 
lOO 


TTO CTC OAT OCT AAO 
L*u Val Aap Oly Lya 
105 


CCC CAA ACC 
Are Ola Thr 
110 


TCA CCC 
Bar Are 


1412 
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CAO ACC CCT CCA AAC ACC CAT CCC CCO CCC ATT CAC CAA OCT TOO TTA 
Oln Thr Are Pro Aan Sar Aap Oly Pro Oly Ila Olu Clo Oly Trp L*u 
115 120 125 

CCO CCA CTC CAA CCC ATT CAA CCT ATC OAS CTO ATC CCT CCC COO ATC 
Pro Pro L*\i Oln Ala Xla Olu Are XI* Olu Val XI* Are Oly Pro M*t 
130 135 140 

TCT ACC CTO TAC OCC TOO CAT OCT OAC 
Bar Thr Lav Tyr cly Bar Asp Ala Aap 
145 150 

e xmxxrxcAXXox raani 2t 




<«t) CTPCXJICB DXSCXXPTXOKi $MQ ZD HOi 2 1 

TCCATCTOTC CATCTATCTC CAOTACACAA TATATGAATA ATCCOCTTCT O 

(2) XMFownxxojr pom sxaantCK iDorrincAxtao huxbaxi 3i 



(A) UXDtll 120 

(B> TYPSl nuelBlo acid 

(C) niAmiimsi both 

(D) TOPOXOaTi llnaar 

(si) bxookmcx oxscxxPTxaari «eq to wot 3, 

ACATCTTCCA TACOTATTTO ACCCTTAAAO AATAATTACC ACAOACCTTC CATATTTCCA 
CCCAACTATT CCATCTCTCO ATCTATCTCC ACTACACAAT ATATCAATAA TCCCCTTCTO 




(ai) BBWBACB BBSCUPTXOXl K£Q TO BO I 4l 



ACATCTTCCA TACOTATTTO ACCCTTAAAO AATAATTACC ACACA O01TC CATATTTCCA 60 
CCOAACTATT CCATOTOTUO ATCTATCTCC AOTACASAAT ATATCAATAA TCCOCTTCTO 130 
AAATTAAOAA TAATTATCAT TTAAACCACT OOTAAATO 1S0 
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leic acid 
both 
linear 



OMi tXQ TD BO i Si 



COATCTATCT CCAOTACAOA ATATATQAAT AATCCQCTTC KKMRAM AATAATTATC 
ATTT AAACCA CTCCTAAATO 




137 

nucleic acid 
both 
linear 



C»IPTI<aii UQ ID BOi 61 



AAQCTTTTAC OOOOCTOAOA TCTTOCATAO OTATTTCACC CTTAAACAAT AATTACCACA 60 
OACGTTCGXT ATTTOGACOO AACTATTCCA TOT O TO C ATC TATCTCCACT ACAOAATATA 120 
TCAATAATCG CCTTCTO 137 



175 

nucleic acid 
both 

OLXPTIOX I SCO XO KO> 7* 

AACCTTTTAC OCCCCTCAOA TCTTGCATAC OT A TTT C ACC CTTAAAOAAT AATTACCACA 60 
GAOOTTCCAT ATTTOCACCO AACTATTCCA TOTOTCOATC TATCTCCAOT ACAOAATATA 3 120 

TGAATAATCC GCTTCTOAAA TTAACAATAA TTATCATTTA AACCACTCGT AAATO £ 175 

<2> mrrawAxiow rem. *xuua»e« xdzbtxtxcaxzom mnaatt e> 

fl> UVULICI CBAJtACXMITZCSl 

534 

nucleic acid 
both 
linear 
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<xi) uuuua o x io n pnceTi srg zo moi b« 

AACCTTTTAC GGCSCTGAOA TCTTOCATAO OTATTTCACC CTTAAACAAT AATTACCACA 60 

GACGTTCCAT ATTTCCACCO AACTATTCCA T6TCTCSATC TATCTCCACT ACACAATATA 120 

TCAATAATCC GCTTCTCAAA TTAACAATAA TTATCATTTA AAOOAOTOOT AAATOTCCAO 180 

ATTCAATCCA TCCCCCCTCA CTTTATCTOT OACACTAGCC TTAATCTTTT CCGCTACOOC 240 

TrrrccrcAA caccccacca aaacccatca aaccatccto ctcactccco ccooataooc 300 

CCAACTOATT CAAAATGCAC CAOCCAOTAT CAOTOTQATT TCAAOAOAAO ATCTOCJAATC 360 

TOOCTATTAC CCTGATCTCA CCOATCC6CT AAAAACCCTA CCCCCTCTGA CACTCACCCO 420 

ACCCCCCCAT ACTACOCATA TCA0CATTO0. TOOTATQOOA TCAAACTATA CTCTTATCTT 480 

GOTCGATCCT AACCCCCAAA CCTCACCCCA CACCOOTCCA AACACCQAT9 CCCC 534 

(3> uraxMATim rox uou mcb rjonmncAxioar mncsxai « t 




(*i> sxqoxkcb ducurimi bmq zo moi »■ 

ACATCTTOCA TAOOTATTTO AOCCTTAAAO AATAATTACC ACACACCTTC CATATTTCCA 
CCCAACTATT CCATCTCTOQ ATCTATCTCC ACTACACAAT ATATOAATAA TecCCTTCTO 
AAATTAAOAA TAATTATCAT TTAAACCACT CCTAAATCTC CACATTCAAT CCATCCCCCC 
TCAGTTTATC TCTCACACTA CCCTTAATCT TTTCCCCTAO CCCTTTTOCT CAAOAOOCCA 
CCAAAACCGA TCAAA CC ATC OTOOTCACTO COOCCGQATA COCOCAACTO ATTCAAAATQ 
CACCAOCCAO TATCAOTOTO ATTTCAACAO AAOATCTCCA ATCTCCCTAT TACCOTCATO 
TCACCOATCC CCTAAAAACC CTACOCGGTC TOACACTCAC COOAOGOOOC OATACTACCO 
ATATCACCAT TOOTOOTATO OOATCAAACT ATACTCTTAT CTTCCTCCAT CCTAACCCCC 



<3) XNPOUIATXCej POft B 8C0 M IC K XM3B1 FX CATION 1 



120 
1B0 
240 
30O 
360 
420 
400 
S17 




439 

ttuolelo acid 
both 



mom i biq ro aoi ioi 
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OQXTCTXTCT CCAOTXCAOA ATATXTGAAT AATCOGCTTC TCAAATTAAd AATXAXTATC 60 

ATTTAAACOA OTCCTAAATC TOCAGATTCA ATCGATCCCC COTCACTTXA TCTCT CA CAC 120 

TAOOCTTAAT QTTTTCOOCT AOCOCTTTTO CTCAAOACOC GAOSAAAACQ CAXCAAACCA 180 

TCCTCCTCAC TSOBO C OOOA TACCCCCAAO TCATTCAAAA TCCACCACOC AGTAXCACTG 240 

TGATTTCAAO ACAA0AXCTO OAATCT0CCT ATTACCCTCA TCTCAO0CAT OOOCTAAAAA 300 

OOOTACOOOO TOTOACAOTC A C OQCACOOO OCOATACTAC OCATATCA0C ATTC O T O OTA 360 

TCOGATCAAA CTATACTCTT ATCTTCCTCO ATQGTAACOC CCAAACCTCA OSCCAQACCC 420 

CTCCAAACAO OOAIGGCCC 439 

no* for sbqomscb xxmnrxcAxzoji aosni lit 
cs csAimacsxiRxesi 



CM 

fS) TTFBi naclslc acid 

<C> RMIDtDttlli lingl* 

(O) ToroLOOTi linear 

(xl) U0DIIC8 DSSCKXFTZOil SXQ ID BO I lit 
OOCAATTCTC TAOACATATC CTOTCCAATT GTCACCSCAT AA 

(2) ZMrvaaaxjam worn iiouisc* mnmneAxics? raoai ] 

45 

nucleic acid 




(si) OQDUCI DKB<JKJ.ra ' lW I I SXQ ID BDt 12* 
OCAAOCTTCT OCAQ CCO OOO ATTTAACATT TATCAATCTC CGCCT 
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1. A bacterial chronoEome containing a DNA 
sequence encoding a heterologous antigen, said DNA 
sequence being functionally linked to an iron-regulated 
promoter. 

2. The chroxosoae of claim l, wherein said 
chromosome is a Vibrio cholerae chromosome. 

3. The chromosome of claim 1, wherein said 
chromosome is a chromosome of an X. coll bacterium, a 
Shigella bacterium, a Salmonella bacterium, a Ymrsenla 
bacterium, a Cl troba ct«r bacterium, an Xnterobaccor 
bacterium, a Klebsiella bacterium, a J>rot«ua bacterium, e 
Provldencla bacterium, a Serratla bacterium, a vibrio 
bacterium, a Pleslonon&s bacterium, an Jtaromanas 
bacterium, or a bacille Calmette-Guerin (BCG> . 

4. The chromosome of claim l, wherein said 
promoter is the promoter of a naturally-occurring V. 
choleras gene. 

5. The chromosome of claim 4, wherein said 
promoter is the V. eholerae IrgA promoter, and said 
chromosome lacks part or all of the ±rgA coding sequence. 

6. The chromosome of claim 5, wherein said 
promoter comprises a nucleotide sequence substantially 
identical to SEQ ID HOi 2. 



7. The chromosome of claim 1, wherein said 
25 heterologous antigen is a nontoxic polypeptide which 
induces an antigenic response in an animal. 
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8. The chromosome of claim 7, wherein said 
polypeptide Is a portion or all of a protein naturally 
expressed by an infectious organism. 

9. The chromosome of claim B, wherein said 
5 infectious organism is a bacterium. 

10. The chromosome of claim 9, wherein said 
polypeptide is an immunogenic , nontoxic subunit or 
fragment of a bacterial toxin. 

11. The chromosome of claim 10, wherein said 
10 toxin is Shiga toxin, diphtheria toxin, Psaudomonae 

exotoxin A, cholera toxin, pertussis toxin, tetanus 
toxin, anthrax toxin, B. coll heat- labile toxin (LT) , r. 
coii heat-stable toxin (ST) , or 2. coli Shiga- like toxin. 

12. The chromosome of claim 9, wherein said 
15 protein is an OSP (Outer Surface Protein) of Bomtlia 

burgdorf erai . 

13. The chromosome of claim 8, wherein said 
infectious organism is a virus and said polypeptide is an 
immunogenic portion of a viral caps id. 

20 i« t The chromosome of claim 13, wherein said 

virus is a human immunodeficiency virus (HIV) , one of the 
Herpes viruses, an influenza virus, a poliomyelitis 
virus, a measles virus, a mumps virus, or a rubella 
virus. 

25 is. The chromosome of claim 8, wherein said 

infectious organism is a eukaryotic parasite* 
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16. The chromosome of claim 15, wherein said 
parasite is the causative agent for malaria, Pneumocystis 
pneumonia, or toxoplasmosis. 

17. The chromosome of claim 16, wherein said . 
5 protein is a malarial circumsporozoite protein. 

18. The chromosome of claim 2, wherein said 
chromosome does not encode biologically active cholera 
toxin A subunit. 

19. The chromosome of claim 5, wherein said 
10 chromosome does not encode biologically active cholera 

toxin A subunit. 

20. A V, chol or a o chromosome containing a DMA 
sequence encoding a heterologous antigen, said OKA 
sequence being functionally linked to a naturally- 

15 occurring V. cholera* promoter. 

21. The chromosome of claim 20, wherein said 
promoter is the promoter of a naturally-occurring gene 
encoding a V. cholera* virulence factor that is 
nonessential for growth of said cell, the coding sequence 

20 encoding said virulence factor being nutated or deleted 
so that said chromosome cannot express a biologically 
active form of said virulence factor. 

22. The chromosome of claim 20, wherein said 
promoter is the lrgA promoter. 

25 23. The chromosome of claim 20, wherein said 

heterologous antigen is part or all of a nontoxic 
polypeptide which is naturally expressed by an infectious 
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organisa, which antigen induces an antigenic response in 
an animal. 

24. The chromosOBa of claim 23, wherein said 
infectious organisa is a bacterium. 

5 25. The chromosome of claim 24, wherein said 

antigen is an immunogenic, nontoxic subunit or f regnant 
of a bacterial toxin. 

26. The chromosome of claim 25, wherein said 
toxin is Shiga toxin, diphtheria toxin, Paaudomonaa 

10 exotoxin A, cholera toxin, pertussis toxin, tetanus 

toxin, anthrax toxin, B. coll LT, jr. coll ST, or E. coil 
Shiga-like toxin. 

27. The chromosome of claim 23, wherein said 
infectious organism is a virus and said antigen is an 

15 immunogenic portion of a viral caps id. 

28. The chromosome of claim 27, wherein said 
virus is a human immunodeficiency virus (HXV) , one of the ■ 
Herpes viruses, an influenza virus, a poliomyelitis 
virus, a measles virus, a mumps virus, or a rubella 

20 virus. 

29. The chromosome of claim 23, wherein said 
infectious organism is a euxaryotlc parasite. 

30. The chromosome of claim 29, wherein said 
parasite is the causative agent for malaria, Pneumocystis 

2S pneumonia, or toxoplasmosis. 
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31. The chromosome of claim 20, wherein said 
chromosome does not encode biologically active cholera 
toxin A subunit. 

32. A V. cholerao cell, the chromosome of which 
5 is the chromosome of claim 1. 

33. A V. cholerae strain, the chromosome of which 
is the chromosome of claim 1. 

34. A homogeneous population of V. cholerae 
cells, each of which comprises the chromosome of claim 1. 

10 A live-cell vaccine comprising the cell. of 

claim 32 in a pharmaceutical ly acceptable diluent 
suitable for oral administration. 

36. The vaccine of claim 35, wherein said 
chromosome does not encode biologically active cholera 

15 toxin A subunit. 

37. The vaccine of claim 36, wherein said 
chromosome does not encode biologically active XrgA. 

38. The vaccine of claim 37, wherein said 
heterologous antigen is Shiga-like toxin B subunit. 

30 39. A method of vaccinating an animal comprising 

orally administering to said animal the vaccine of 
claim 35. 



40. The method of claim 39, wherein said animal 
is a human. 
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